Decreased vagal activity has been described in acute schizophrenia and might be associated with altered cardiovascular regulation and increased cardiac mortality. The aim of this study was to assess baroreflex sensitivity in the context of psychopathology. Twenty-one acute, psychotic, unmedicated patients with a diagnosis of paranoid schizophrenia were investigated after admission to the hospital. Results were compared with 21 healthy volunteers matched with respect to age and sex. Cardiovascular parameters obtained included measures for heart rate variability, baroreflex sensitivity, as well as cardiac output, left ventricular work index, and total peripheral resistance. All parameters investigated were analyzed using linear and novel nonlinear techniques. Positive and negative symptoms were assessed to estimate the impact of psychopathology on autonomic parameters. Subjects with acute schizophrenia showed reduction of baroreflex sensitivity accompanied by tachycardia and greatly increased left ventricular work index. Nonlinear parameters of baroreflex sensitivity correlated with positive symptoms. For heart rate variability, mainly parameters indicating parasympathetic modulation were decreased. Vascular pathology could be excluded as a confounding factor. These results reflect a dysfunctional cardiovascular regulation in acute schizophrenic patients at rest. The changes are similar to adaptational regulatory processes following stressful mental or physical tasks in healthy subjects. This study suggests that hyperarousal in acute schizophrenia is accompanied by decreased efferent vagal activity, thus increasing the risk for cardiovascular mortality. Future studies are warranted to examine the role of the sympathetic system and possible autonomic differences in hyperarousal induced by anxiety and/or external stressful events. autonomic function; cardiac mortality; psychosis; vagal tone LIFE EXPECTANCY IS REDUCED by ϳ20% in schizophrenic patients compared with the general population (17). Besides suicide, cardiovascular disease has been reported to play an important role (10, 17, 23) . To date, several physiological studies assessing the autonomic nervous system (ANS) in schizophrenic patients reported an increased heart rate (5, 28, 37-39). In particular, efferent parasympathetic activity has been shown to be decreased in acute (5) and chronic stages (31), possibly increasing the incidence of serious ventricular arrhythmias (30). Such increased risk of arrhythmias and sudden cardiac death has been reported to be associated with decreased baroreflex sensitivity (BRS) in other diseases (11), including myocardial infarction (20), heart failure (26), and possibly diabetes (22). Yet BRS has not been examined in schizophrenia to date.
LIFE EXPECTANCY IS REDUCED by ϳ20% in schizophrenic patients compared with the general population (17) . Besides suicide, cardiovascular disease has been reported to play an important role (10, 17, 23) . To date, several physiological studies assessing the autonomic nervous system (ANS) in schizophrenic patients reported an increased heart rate (5, 28, (37) (38) (39) . In particular, efferent parasympathetic activity has been shown to be decreased in acute (5) and chronic stages (31) , possibly increasing the incidence of serious ventricular arrhythmias (30) . Such increased risk of arrhythmias and sudden cardiac death has been reported to be associated with decreased baroreflex sensitivity (BRS) in other diseases (11) , including myocardial infarction (20) , heart failure (26) , and possibly diabetes (22) . Yet BRS has not been examined in schizophrenia to date.
An immediate increase in blood pressure and heart rate is needed at the onset of exertion. Among other simultaneous mechanisms, this is achieved by an inhibition of the decelerating vagal nerve activity, as well as by a stress-related modulation of sympathetic outflow on the heart rate component of baroreflexes [baroreflex vagal bradycardia (BVB)]. Thus arterial baroreflexes, which normally act as powerful, negative feedback loops between heart rate and blood pressure, are inhibited during stressful conditions, including fight-or-flight situations and mental stress (25) .
Here we aimed to test the hypothesis that acute psychosis leads to a central inhibition of BRS accompanied by the previously described increased heart rate in schizophrenia. For this purpose, cardiovascular parameters of 21 patients with acute schizophrenia who had not been receiving neuroleptic treatment for at least 8 wk were obtained and compared with age-and sex-matched healthy volunteers. Besides measures of BRS, impedance cardiography (ICG) was employed to allow the estimation of cardiac work and its regulation in the disease. Since heart rate and blood pressure time series are regarded to represent complex system dynamics (35) , data were processed employing linear and novel nonlinear models. Epidemiological data and psychopathological scales were obtained and correlated to autonomic parameters, since our laboratory has previously shown that paranoia and disease duration influence autonomic dysfunction in schizophrenia (5).
METHODS
Participants. Twenty-one patients suffering from paranoid schizophrenia and 21 healthy controls matched with respect to age, sex, weight, smoking habits, and education (see Table 1 ) were included in this study. Control subjects were recruited from hospital staff and medical students. Neither patients nor controls suffered from any medical or additional psychiatric disease, and none of them was receiving any interfering medication that might affect cardiac autonomic function (e.g., cardiac medications or central nervous system active medications), as assessed using a questionnaire and a careful patient history. Furthermore, routine ECG was evaluated "normal" by a cardiologist. Additional routine blood investigations were performed in patients only. Participants were asked to refrain from smoking, heavy eating, or exercising 2 h before the investigation. Diagnosis of paranoid schizophrenia was established by a staff psychiatrist when symptoms of patients who were admitted to our inpatient wards fulfilled DSM-IV criteria (Diagnostic and Statistical Manual of Men-tal Disorders, 4th edition, published by the American Psychiatric Association), as assessed by the Structured Clinical Interview for DSM-IV (13) . Patients presenting with a first episode of acute psychosis (n ϭ 8) were followed up for 6 -9 mo and reassessed to establish the diagnosis of schizophrenia. Psychotic symptoms were quantified by means of the scale for the assessment of positive symptoms and negative symptoms (1). This study was carried out in accordance with the Declaration of Helsinki. After having been thoroughly informed about the nature of the procedures, all participants gave written, informed consent to a protocol approved by the Ethics Committee of the Friedrich-Schiller-University, Jena. Furthermore, patients were advised that the refusal of participating in the study would not affect future treatment. Every effort was made to ensure that patients were able to give informed consent and did not have to suffer additional distress from the examination setting.
Data acquisition and preprocessing. Examinations were performed in a quiet room that was kept comfortably warm (22-24°C) between 3 and 6 PM. Subjects were asked to relax, breath regularly, and move as little as possible. Respiratory rate was obtained for all patients.
The ECG (high resolution, 1,000 Hz) was recorded for 30 min from two separate adhesive monitoring electrodes (CNSystems, Medizintechnik), which were placed on the chest wall to ensure maximal R-wave amplitude. From this, the device automatically extracted the R-wave-to-R-wave (RR) intervals [beat-to-beat interval (BBI)]. Continuous blood pressure was simultaneously recorded noninvasively from the third and fourth finger using the vascular unloading technique (27) and was corrected to absolute values with oscillometric blood pressure measurement by the Task Force Monitor to obtain blood pressure values for every consecutive beat. RR interval and blood pressure time series were afterward filtered and interpolated for ectopic beats and artifacts.
Time and frequency domain parameters of heart rate variability. In accordance with the suggestions of the heart rate variability (HRV) Task Force (21), we computed measures of HRV in the time and frequency domain. In particular, we also obtained the square root of the mean squared differences of successive NN intervals (normal-tonormal beat interval) (RMSSD). Furthermore, the quotient of lowfrequency (LF; 0.04 -0.15 Hz) and high-frequency (HF) components (0.15-0.4 Hz) (LF/HF) was calculated as a measure of sympathovagal balance.
BRS. The BRS was assessed using the sequence method (8) . A detailed description has been published previously (3). In brief, spontaneous sequences of at least three consecutive beats were analyzed, when an increased systolic blood pressure (SBP) of at least 1 mmHg caused an increased BBI of at least 5 ms (bradycardic sequence) or a decreased SBP caused a decreased BBI (tachycardic sequence). For each sequence, the regression between the three SBP values and three BBI values was calculated, and the slope [tachycardic slope (tslope); bradycardic slope (bslope)] of the regression line was used as an index of BRS. Furthermore, the numbers of bradycardic and tachycardic baroreflex sequences were computed as an indicator of baroreflex activation.
Nonlinear joint symbolic dynamics. To assess heart rate and blood pressure dynamics in a more complex way, an analysis based on joint symbolic dynamics (JSD) was applied (7), which has been described in detail previously (3) . Here, the beat-to-beat changes of RR interval and SBP are each coarse grained to two different symbols: increasing values are coded as "1," whereas decreasing and unchanged values are coded as "0," respectively. Subsequently, short patterns of symbol sequences (words) are formed, and their distribution properties are analyzed [probability of symmetric baroreflex-related words (JSDsym), probability of diametric non-baroreflex-related words (JSDdiam), etc.]. Based on the considerations mentioned above, words of a three-letter length are feasible for short-term recordings. Consequently, the dynamics between heart rate and blood pressure within three RR intervals (four heartbeats) can be analyzed. The advantage of JSD over the sequence method is that it considers all types of RR interval and SBP beat-to-beat changes, whereas the sequence method considers only two types of patterns. Thus a rough assessment of the overall RR and SBP short-term interactions is obtained.
ICG. ICG (18, 32) was used to measure cardiac index (blood volume ejected by the heart per minute) [cardiac output (CO) normalized to the patient's body surface area], left ventricular work index (LVWI), and total peripheral resistance (TPR). To obtain these measures, a constant sinusoidal alternating current I O of 400 A and 40 Values are presented as median (interquartile range), HRV, heart rate variability; RMSSD, square root of the mean squared differences of successive NN intervals (normal-to-normal beat interval); LF/HF, low frequency/high frequency ratio; BP, blood pressure; BRS, baroreflex sensitivity; tslope, tachycardic slope; bslope, bradycardic slope; tcount, number of tachycardic sequences; bcount, number of bradycardic sequences; JSD, joint symbolic dynamics; JSDsym, JSD for symmetric baroreflex-related words; JSDdiam, JSD for diametric non-baroreflex-related words; ICG, impedance cardiogram; CI, cardiac index; LVWI, left ventricular work index; TPR, total peripheral resistance. SAPS, scale for the assessment of positive symptoms; SANS, scale for the assessment of negative symptoms. Despite the number of smokers assigned to the different subgroups, there were no significant differences between patients and controls.
kHz is passed through the chest between an (outer) electrode placed around the neck and another (outer) electrode placed around the lower thorax aperture. The resulting voltage u(t) is acquired by two further (inner) electrodes placed between the admitting electrodes. This allows the calculation of the electrical bioimpedance Z(t). The detected voltage u(t) is proportional to the thorax impedance [Z(t) ϭ u(t) ‫ء‬ I O], which allows the determination of CO.
The impedance signal, the ECG, and the beat-to-beat blood pressure were sampled with 1,000 Hz per channel. These data were used to calculate all hemodynamic parameters online. Stroke volume was calculated according to Kubicek et al. (18) . TPR was calculated according to Ohm's law; TPR ϭ MABP/CO (where MABP is mean arterial blood pressure).
Exclusion of vascular pathology as a confounding factor. Pulsewave velocity (PWV) between both brachial and ankle arteries was measured using a sphygmomanometer and a sphygmograph device (Vascular Screening System, VaSera VS-1000; Fukuda Denshi, Tokyo, Japan). A cuff for measuring blood pressure with a pressure sensor (tonometric procedure) was attached around both upper arms and ankles. Mechanocardiograms were simultaneously recorded with limb-lead ECGs and phonocardiograms. The difference in pulse transit time between the right brachial artery and the ankle artery was determined. The PWV was calculated using the vascular distance from the heart to the lower leg, which was estimated from body height using a regression formula (19) .
The ankle-brachial index (ABI) was calculated automatically by dividing the ankle pressure by the brachial pressure (24) . From the indexes obtained, the lower for the two legs was used. The ABI value was obtained in a single measurement.
Overall, both PWV and ABI did not significantly differ between groups (data not shown), thus indicating no difference with regard to vascular pathology.
Statistical analyses. Wilcoxon rank-sum test was used to calculate the significance probability that the parameters of controls are identical with those of the patients. Furthermore, the correlations between variability parameters and clinical measures were computed. Significance was assumed when P Ͻ 0.003, according to Bonferroni correction, since we assessed 14 parameters. Table 2 . HRV. The analysis revealed a significantly increased heart rate in schizophrenic patients (P Ͻ 0.003) compared with matched controls. The RMSSD, indicating parasympathetic activity, was significantly reduced in the patient group (P Ͻ 0.003). The frequency band parameter LF/HF ratio (P Ͻ 0.035) was not significantly different (see Table 2 ).
RESULTS

Medians of all results are depicted in
BRS. The tslope as an index of BRS was significantly reduced in schizophrenic patients (P Ͻ 0.003, Fig. 1A ). Similarly, the bslope was reduced in schizophrenic patients (P Ͻ 0.003, see Table 2 ). However, baroreflex activity was similar for the tachycardic and bradycardic baroreflex sequences, revealing a similar number of events being analyzed in both groups ( Table 2) . Fig. 1 . Baroreflex sensitivity and impedance cardiography data presented as box plots. Tachycardic slopes (tslope; A), indicating baroreflex sensitivity, and nonlinear joint symbolic dynamics (JSDsym; B), indicating complexity of heart rate and blood pressure dynamics, were significantly decreased in schizophrenic patients. Left ventricular work index (LVWI), as obtained using impedance cardiography, was significantly increased in the patient group (C). Boxes indicate data between the 25th and 75th percentile, with the horizontal bar reflecting the median (■ ϭ mean; E ϭ 1st and 99th percentile; Ϫ ϭ minimum and maximum of data) ***P Ͻ 0.001.
JSD of BRS.
To assess the complexity of baroreflex dynamics, we applied JSD, considering all types of RR interval and SBP beat-to-beat changes. Both JSDsym (P Ͻ 0.003, Fig. 1B ) and JSDdiam (P Ͻ 0.003) differed significantly between patients and controls, indicating decreased BRS in acute schizophrenia.
Parameters of ICG. ICG analysis was applied to allow the estimation of actual cardiac work. ICG parameters showed a trend for the CO normalized to the body surface (cardiac index, P Ͻ 0.009, Table 2 ), being higher in schizophrenic patients. A significant difference was observed for the LVWI (P Ͻ 0.003, Fig. 1C) . No difference was observed for the TPR ( Table 2) .
Correlation of autonomic measures with paranoia and duration of disease. According to our hypothesis, we correlated the paranoia subscore of the scale for the assessment of positive symptoms with parameters of BRS (tslope, bslope, JSDsym, JSDdiam) and found a significant correlation for JSDsym (r ϭ Ϫ0.611; P ϭ 0.003) and for JSDdiam (r ϭ 0.502; P ϭ 0.02).
To control for previous results (5), we correlated disease duration with significant parameters of HRV (RMSSD), and we were able to show a significant negative correlation with the duration of the disease for RMSSD (r ϭ Ϫ0.573; P Ͻ 0.007).
DISCUSSION
Here, we present evidence for severely disturbed autonomic function in acute schizophrenia as obtained from the assessment of BRS, which showed to be significantly decreased in patients with schizophrenia. As illustrated in Fig. 2 , which displays baroreflex regulations in one representative patient and one control subject, the slope indicating BRS is not only shifted to increased blood pressure values and decreased BBIs (increased heart rate) but also shows to be more flat. Thus the fine-tuning of blood pressure and heart rate is severely impaired in acute psychotic patients. This assumption is further supported by the significantly altered distribution of baroreflex-related and non-baroreflex-related words (JSDsym and JSDdiam, respectively), representing a novel method for BRS investigation applying a nonlinear analysis. Complex dynamics arise, since heart rate and blood pressure are regulated via numerous neural and hormonal feedback mechanisms, including various types of baro-, volume-, and chemoreceptors located in the heart, great arteries and veins, lungs, and brain. The application of complex measures such as JSDsym or JSDdiam is, therefore, mandatory (34) . The number of baroreflex sequences that were obtained during the analysis was similar in both groups, suggesting that the peripheral gain was not disturbed in our patients and that central mechanisms may be responsible for the baroreflex dysfunction.
It is intriguing to speculate that these changes of autonomic function induced by the pathophysiology of schizophrenia might reflect the inhibition of BVB, which has likewise been demonstrated as an adaptational process after stressful mental load in healthy volunteers (25) . For instance, BRS has been shown to be decreased during specific cognitive demands, such as basic arithmetic operations (29) or physical activity (25) . Thus this might imply that the previously described decrease of efferent vagal activity in acute schizophrenia is actually caused by a process that allows the organism to adjust to demanding environmental strains under physiological conditions. Furthermore, our findings presented here might explain the correlation with paranoia that we have found previously (5) and that could be corroborated here. We, therefore, assume that paranoia and cognitive load might provoke similar basic autonomic changes, namely inhibition of BVB, thus inducing tachycardia, hypertension, and reduced BRS. Therefore, the previously described lack of activation in the medial prefrontal cortex in schizophrenia might affect the inhibitory control over amygdala-autonomic function (12) , which can subsequently lead to an exacerbation of arousal responses (36) and, therefore, to a central inhibition of BRS. However, this excessive arousal, seen especially in paranoid patients, as included in this study, limits the applicability of our findings to recovered patients. In the acute stage, BRS is altered, possibly due to a functional breakdown of the autonomic-amygdala-prefrontal system (33, 36) , and this effect might be absent in later stages. Figure 3 depicts some cortical areas that are involved in the excessive arousal and functional autonomic consequences. We cannot certainly conclude which of the autonomic branches, i.e., the sympathetic or the parasympathetic nervous system, is mainly responsible for the decrease in BRS. Yet HRV data from this and our laboratory's previous study (5) indicate a more pronounced reduction in parasympathetic than an increase in sympathetic parameters. In addition, we have recently shown vagal information flow and other parasympathetic parameters to be decreased in acute patients with schizophrenia in 24-h recordings, therefore reducing the acute fear or discomfort induced by an acute, short-term investigation (9) . Furthermore, we have not observed changes in blood pressure variability (4) in these patients. Future studies are warranted in which BRS should be examined in remitted as well as unmedicated patients to answer the question of whether autonomic dysfunction is state or trait related. Furthermore, it is important to study whether autonomic changes in patients with schizophrenia differ significantly from autonomic changes due to arousal caused by fear or anxiety. Most importantly, the sympathetic system needs to be assessed in greater detail in patients with schizophrenia, and studies are needed to compare autonomic changes due to different arousal states to elucidate the specificity of changes in different disease states.
Another area of uncertainty is the influence of diseaseindependent factors on HRV, such as physical fitness, which might differ significantly across subjects and is rather difficult to control for (15) . Furthermore, previous studies showed that increased cardiovascular mortality in patients with schizophrenia may be related to an unhealthy lifestyle, consisting of obesity, caffeine intake, and smoking (10) . Of these, cigarette smoking especially has been shown to significantly alter HRV parameters (6) . In this study, we tried to control for smoking behavior by including smokers in our control population. However, the number of cigarettes consumed was smaller in the controls, which may have somewhat influenced our results.
The presented data also point to another important issue in schizophrenia research. It is likely that increased SBP and diastolic blood pressure values, as well as the pathological LVWI, substantially contribute to the previously described increased cardiovascular morbidity and mortality in schizophrenia (16) . The decreased parasympathetic tone in acute psychosis exposes the heart to unopposed sympathetic stimulation, thus reducing BRS. Future prospective studies should, therefore, address the question of whether dysregulation of BRS persists after acute psychosis and how this might contribute to the reported increase of cardiac mortality in schizophrenia (2) .
In conclusion, the reduction of BRS in acute schizophrenia seems to be similar to the adaptational response of the ANS to mental and physical tasks in healthy volunteers. Thus, in addition to other known risk factors in patients with schizophrenia, such as enhanced smoking behavior, higher rates of metabolic syndrome, obesity, less access to medical care, and lack of compliance to medication (14, 17) , this assumed permanent stress response with hyperarousal, decreased BRS, tachycardia, and increased blood pressure might play a significant role in cardiovascular morbidity and mortality in patients with schizophrenia.
